Sperm with abnormalities in the position and shape of the head were obtained from the azh/azh mutant and injected into the cytoplasm of mature mouse oocytes to determine whether sperm from the offspring display both head (club shape) and tail (looping, folding, and fusion) abnormalities observed in the mutant donor. Although quantitative differences were observed among the three examined offspring, we found that abnormalities in sperm head shape were less frequent than in the donor mutant, but that tail malformations predominated. In addition, we found that the frequency of tail abnormalities increased during sperm epididymal transit. A typical defect was the multiple folding of the sperm tail and eventual fusion of closely apposed plasma membranes. As a consequence, sperm forward motility and natural fertility were compromised. Results of this study indicate that the azh/azh mutant and offspring generated by intracytoplasmic sperm injection provide a valuable model for determining the role of the manchette and keratin-containing outer dense fibers and fibrous sheath during spermiogenesis. Furthermore, our findings stress the risk of enhancing a phenotypic abnormality caused by mutant male genotypes introduced through bypassing the biologic mechanisms of natural sperm selection during fertilization. fertilization, gametogenesis, sperm motility and transport, spermatid, testis
INTRODUCTION
Offspring resulting from intracytoplasmic sperm injection (ICSI) into mature oocytes have been documented in several mammals, including humans [1] [2] [3] [4] . In cases of male infertility, ICSI has become an attractive procedure, because it bypasses critical physiological events leading to fertilization, such as the acrosome reaction, sperm binding to zona pellucida, and gamete membrane fusion. Normal offspring can be obtained by injecting mouse oocytes with testicular sperm and round spermatids [5] [6] [7] [8] . More recently, enucleated oocytes injected with somatic cell nuclei have resulted in full-term development of mice [9, 10] . Both these and previous studies [11] have shown that full development can be achieved when nuclei of terminally differentiated somatic cells of known phenotype are introduced into the enucleated female gamete.
An important question is how will male offspring develop, and another is how normal will spermatogenesis be when sperm heads from a mouse mutant with structural abnormalities are injected into normal mouse oocytes. We explored these two issues by injecting sperm from azh/azh (for abnormal sperm head shape [12] ) mutant mice into normal mouse oocytes. This experimental model was of interest because of the anomalous position of the manchette, defective nuclear shaping [13] [14] [15] [16] , and tail abnormalities in mouse spermatids and epididymal sperm [16] , which are associated with a reduction in the fertility rate [12] . In this paper, we report an electron microscopic and immunocytochemical analysis of spermatids and sperm from offspring produced by injecting sperm heads of azh/azh mutant mice into normal mouse oocytes. We show that the frequency of tail abnormalities is significantly enhanced in the offspring compared to the sperm donor mutant.
MATERIAL AND METHODS

Animals
Sperm were collected from caudae epididymides of azh/ azh mutant mice, and B6D2F1 (C57BL/6 ϫ DBA/2J) females were used as oocyte donors. Adult male mice homozygous for the azh mutation were purchased from Jackson Laboratories (Bar Harbor, ME), and B6D2F1 female mice were obtained from the National Cancer Institute (Bethesda, MD). All mice were maintained in a temperatureand light-controlled room (14L:10D) for at least 2 wk before use. When used in experiments, B6D2F1 and azh/azh mice were 6-12 wk and 6-9 mo old, respectively. All animals were maintained in accordance with the guidelines of the Laboratory Animal Service at the University of Hawaii and with those prepared by the Committee on Care and Use of Laboratory Animals of the Institute of Laboratory Resources National Research Council (DHEW publication [NIH] 80-23, revised in 1985). The protocol of our animal handling and treatment was reviewed and approved by the Animal Care and Use Committee at the University of Hawaii.
Reagents for ICSI
Polyvinyl alcohol (PVA; cold water-soluble, molecular weight ϳ10 000) and polyvinyl pyrrolidone (PVP; molecular weight ϳ360 000) were purchased from Sigma Chem- ical Co. (St. Louis, MO). Bovine testicular hyaluronidase (200 UPS U/mg) was obtained from ICN Biochemicals (Costa Mesa, CA), and BSA (fraction V) was purchased from Calbiochem (La Jolla, CA). Mineral oil was purchased from Squibb and Sons (Princeton, NJ). All other reagents were obtained from Sigma unless otherwise stated.
Culture Media
After microsurgery, CZB medium [17] supplemented with 5.56 mM D-glucose was used for the culture of mouse oocytes. The medium for collection of oocytes from oviducts and subsequent oocyte treatments, including micromanipulation, was a modified CZB (Hepes-CZB [5] ) containing 20 mM Hepes-HCl, a reduced amount of NaHCO 3 (5 mM [normal concentration ϭ 25 mM]), and 0.1 mg/ml of PVA instead of BSA. The CZB medium was used under 5% CO 2 in air, and Hepes-CZB was used under air.
Preparation of Oocytes
Each B6D2F1 female mouse was injected with 5 IU of hCG, followed by 5 IU of hCG 48 h later. Mature oocytes were collected from oviducts approximately 15 h after the hCG injection and freed from the cumulus cells by a 5-min treatment with 0.1% bovine testicular hyaluronidase in Hepes-CZB. The oocytes were rinsed and then kept in CZB medium for as long as 4 h at 37ЊC under 5% CO 2 in air before micromanipulation.
Classification of Head Morphology of azh/azh Sperm
Sperm were collected from caudae epididymis, suspended in Hepes-CZB, and examined under the phase-contrast microscope before fixation and staining [18] . Sperm morphology was classified into two types, A and B. Type A sperm had heads pointing forward (Fig. 1, A and D) , whereas type B sperm had heads pointing backward (Fig.  1 , B and C). Heads were either ''club-shaped'' (Fig. 1, B and C) or ''crescent-shaped'' (Fig. 1, A and D) in both types.
Enucleation of Oocytes
The oocytes were transferred into a 20-l droplet of Hepes-CZB containing 5 g/ml of cytochalasin B, which had previously been placed in the operation chamber on the microscope stage, and were kept there for 5-10 min before enucleation, which was performed by aspirating the metaphase chromosome-spindle complex into a pipette (inner diameter ϭ 8-10 m) with a minimal volume of oocyte cytoplasm [9] . Enucleated oocytes were transferred into cytochalasin B-free CZB and kept there for as long as 3 h at 37ЊC before sperm injection.
ICSI Protocol
A dense sperm mass was collected from the cauda epididymis and placed in the bottom of a 1.5-ml centrifuge tube containing 200 l of CZB (37ЊC). Sperm were allowed to swim up into the medium for 10-20 min at 37ЊC before collection of the upper 50 l of the medium. Essentially all sperm in the medium were motile. Intracytoplasmic sperm injection was carried out, with some modifications, according to method described by Kimura and Yanagimachi [5, 6] . A drop (50 l) of sperm suspension was mixed thoroughly with 100 l of Hepes-CZB medium containing 12% (w/v) PVP (PVP-Hepes). Part of this mixture was transferred to the micromanipulation chamber on the microscope stage. A single, motile sperm was drawn tail first into the injection pipette and moved back and forth until the headmidpiece junction (i.e., the neck) was at the opening of the injection pipette. The head was separated from the midpiece and tail by applying one or more piezo pulses [5] . After discarding the entire tail, the head was redrawn into the pipette and injected into an oocyte. The whole procedure was performed at 25ЊC in Hepes-CZB within 1 h after mixture of the sperm suspension with PVP medium. Sperminjected oocytes were cultured in 50-l droplets of CZB medium under mineral oil at 37ЊC in a humidified atmosphere of 5% CO 2 in air. They were examined with an interference-contrast microscope 5-6 h after ICSI. Those with two distinct pronuclei and the second polar body were recorded as being normally fertilized. Only normally fertilized eggs were further cultured for 3 days.
Examination of Sperm Chromosomes
Sperm injection was carried out as described above, but the oocyte's metaphase II chromosomes were removed before ICSI [19] . Seven to eight hours after ICSI, pronucleus eggs were transferred into an another droplet (0.2 ml) of CZB containing 0.006 g/ml of vinblastine, a microtubuledisrupting agent. Vinblastine prevented the formation of ooplasmic microtubules. Between 19 and 21 h after ICSI, eggs that had been arrested at metaphase of the first cleavage because of the presence of vinblastine were treated first with 0.25% (w/v) pronase (Kaken Pharmaceuticals, Tokyo, Japan) for 5 min to remove the zona pellucida, then with a hypotonic solution (1:1 mixture of 1% Na-citrate and 30% fetal bovine serum) for 10 min at room temperature. Fixation of eggs and spreading of chromosomes were performed according to the method described by Mikamo and Kamiguchi [20] . The chromosomes on slides were stained with 2% Giemsa solution for 8 min. After conventional chromosomal analysis, they were C-banded [21] to detect acentric and dicentric chromosomes [20] .
Sperm Viability Test
A sperm viability assay (Live/Dead FertiLight; Molecular Probes, Eugene, OR) was used to differentiate viable from nonviable sperm. When stained according to the manufacturer's instructions and viewed with the fluorescence microscope, the nuclei of live sperm with intact plasma membranes fluoresced bright green, whereas those of sperm with damaged plasma membranes fluoresced orange-red. Fifty to one-hundred-fifty sperm heads were examined for each sperm sample.
Embryo Transfer
Morulae/blastocyst embryos developing from the normally fertilized oocytes 72 to 80 h after ICSI were selected randomly and transferred to the uteri of foster mothers on Day 3 of pseudopregnancy. Foster mothers were CD1 (albino) females mated 1 day previously with vasectomized males of the same strain. On average, approximately 10 embryos were transferred to the oviducts of each recipient female. Pregnant females were allowed to deliver and raise their own pups (red eyes and nonpigmented white coats) as well as foster pups (black eyes and pigmented coats). The CD1 females deliver only foster pups with black eyes and pigmented coats.
Statistical Analysis
Data were analyzed using the chi-square test with Yates' correction for continuity. Data analysis of offspring was carried out using Student's t-test.
Transmission Electron Microscopy
Testes and epididymides of offspring were fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 6.9) for 2 h at room temperature and postfixed in 2% osmium tetroxide in the same buffer for 1 h. After dehydration in graded concentrations of ethanol, specimens were embedded in Maraglas 655 (Electron Microscopy Sciences, Ft. Washington, PA) after propylene oxide treatment. Thick sections were stained with toluidine blue to select appropriate tissue areas for thin sectioning. Thin sections were stained with uranyl acetate and lead citrate. Sections were examined in a JEOL 100CX electron microscope (JEOL USA Inc., Peabody, MA) operated at 60 kV.
Immunofluorescence Microscopy
Indirect immunofluorescence with a monoclonal antibody to ␤-tubulin and a polyclonal antibody to Sak57, a keratin associated with the manchette and outer dense fibers [22] , was used to monitor the position of the manchette and tail configuration (axoneme: anti-␤-tubulin antibody; outer dense fibers and fibrous sheath: anti-Sak57 antibody) in the offspring mice. Cells isolated from seminiferous tubules and sperm collected from the cauda epididymes were deposited on Vectabond (Vector Laboratories, Burlingame, CA)-coated microscope slides, allowed to settle for approximately 2 min, fixed for 15 min at room temperature in 3% paraformaldehyde in 0.1 M cacodylate buffer (pH 7.2) containing 1 mM of each CaCl 2 and MgCl 2 , and allowed to dry. Samples were rehydrated in PBS, blocked with 1% goat serum in PBS for 5 min, and immunoreacted with the antibodies indicated above. The characterization of antiSak57 serum has been previously reported [22, 23] . After incubation with the first antibody for 1 h (working dilutions are indicated in the legend of each pertinent figure), samples were rinsed and incubated with the proper speciesspecific secondary antibody (anti-mouse or anti-rabbit conjugated with fluorescein isothiocyanate). All incubations were carried out at room temperature. Controls included preimmune serum, antisera against irrelevant antigens, and omission and increasing dilutions of first antibody (results not shown). Specimens were mounted with Vectashield, without or with propidium iodide (Vector Laboratories), the latter being used to detect nucleic acids. Specimens were examined with a Zeiss Universal fluorescence microscope (Carl Zeiss, Hawthorne, NY) equipped with episcopic illumination.
RESULTS
A large number of azh/azh sperm are structurally abnormal [12, 13, 16] , and the fertility of azh/azh males is low [24] . In fact, our preliminary experiments showed that azh/azh sperm fertilized none of the cumulus-intact ova in vitro, whereas B6D2F1 sperm fertilized more than 80% of the eggs under the same conditions (data not shown). When examined immediately after suspension in CZB medium, many azh/azh sperm were motile, but approximately half the sperm had separated heads and tails, as already reported
Phase-contrast microscopy of developing spermatids collected from ICSI-generated offspring. A) Spermatid with an elongating, club-shaped nucleus (black arrowhead) and folded principal piece of the tail (between white arrowheads). B) Spermatid with a bent, crescent-shaped head (black arrowhead) forming a loop (top white arrowhead). The lower white arrowhead indicates a loop in the principal piece of the tail. C) Two spermatids with crescent-shaped nuclei (black arrowheads) and extensive folding of the tail. The upper white arrowhead denotes a loop of tail at the midprincipal piece boundary. The lower white arrowhead indicates the free end of the tail. Note that the lower spermatid is approaching the stage of ''lasso-like'' tail formation characterized by a compressed ''horizontal 8-like'' arrangement (compare with E). D) Spermatid with a crescent-shaped nucleus (black arrowhead) displaying a folded principal piece (upper white arrowhead) and paired midprincipal piece segments (lower white arrowhead). E) Spermatid with a crescent-shaped nucleus and a ''lasso-like'' coiled tail. Bars ϭ 5 m.
FIG. 3. Phase-contrast microscopy (A and C) and immunocytochemical localization of Sak57 in offspring spermatids (B and D). A and B)
Elongating spermatid with a propidium iodine-stained nucleus (arrowhead) and Sak57-immunoreactive associated manchette (arrow). At this step of spermiogenesis, Sak57 is restricted to the manchette; therefore, no immunoreactivity is observed along the axoneme. C and D) Mature spermatid with a crescentshaped, propidium iodide-stained nucleus (arrowhead) and looping midpiece and folded principal piece of the tail (arrow). The white arrowheads in panel C denote opposite loops of the principal piece. Sak57 immunoreactivity is stronger in this segment as an indication of the summation of the multiply folded tail. Bar ϭ 5 m.
by Hugenholtz et al. [12] and Meistrich et al. [13] . Sperm examined with the Live/Dead FertiLight viability test revealed that 77% of spontaneously isolated heads were nonviable. When the heads of initially motile sperm were injected individually into oocytes, almost all the oocytes (99%) were fertilized normally and developed into morulae/ blastocysts (84%) ( Table 1 ). The majority (96%) of oocytes injected with spontaneously isolated heads were fertilized, but development was significantly lower (41%, P Ͻ 0.001) compared with those fertilized by the heads of motile sperm (Table 1 ). Figure 1 illustrates the orientation and shape of the head region of sperm (classified as types A and B) collected from the azh/azh mutant for ICSI.
When sperm chromosomes were examined after injection into enucleated oocytes, we found that the majority of both type A and type B sperm had normal karyotype (Table  2) . Although the differences between type A and type B were not statistically significant (P Ͼ 0.05), the incidence of head (club shape) and tail (bending) abnormalities was higher in type B than in type A sperm. Aneuploidy was not seen in either type A or type B sperm (Table 2) . A separation of type A and B sperm for ICSI was not carried out, both because chromosomal aberrations in type A and B sperm were not detected and because both sperm types were motile.
The proportion of morulae/blastocyst embryos developing into live offspring after transfer to foster mothers is summarized in Table 3 .
Structure of Spermatids and Epididymal Sperm from Offspring Mice
Anti-␤-tubulin and anti-Sak57 antibodies were used to monitor by indirect immunofluorescence microscopy the topography and structure of the manchette and axoneme and of the outer dense fibers, respectively. Transmission electron microscopy was used to examine the ultrastructural aspects of the manchette and tail development during spermiogenesis and the structural abnormalities during sperm transit through the epididymal duct.
Four characteristic abnormalities were observed in spermatids by phase-contrast microscopy: 1) a club-shaped head associated with the folding of the principal piece of the developing tail ( Fig. 2A), 2) a bending of the crescentshaped spermatid head together with looping of the midpiece of the developing tail (Fig. 2B), 3 ) a close apposition of multifolded mid and principal tail segments (Fig. 2, C a-b The differences between a and b are statistically significant (P Ͻ 0.001).
and D), and 4) a ''lasso-like'' tail configuration generated by multiple folding and looping of the tail (Fig. 2E ). An immunocytochemical analysis of all offspring spermatids using anti-Sak57 serum showed no changes in the localization of specific immunoreactivity in the manchette (offspring mouse 3: step 10 spermatid; Fig. 3 , A and B) and in the multiply folded tail (offspring mouse 2: step 14 spermatid; Fig. 3 , C and D). Transmission electron microscopy yielded details on the position of the perinuclear ring of the manchette and its associated microtubular mantle in offspring spermatids. Figure 4A illustrates two adjacent, elongating spermatids in which spermatid 2 exhibits an asymmetric, descending, thin projection of the nucleus whereas spermatid 1 lacks this abnormal feature. An additional finding was the asymmetric, lateral projection of the perinuclear ring of the manchette (Fig. 4 , B and C) accompanied by a wider insertion of microtubules of the mantle of the manchette (Fig. 4C) . A typical medial identation of both the acrosome and the apical portion of the spermatid nucleus was also seen (Fig.  4, B and C) . The localization of Sak57 in the manchette was essentially as expected, except for an apparent enhancement of specific immunoreactivity at the perinuclear ring region (Fig. 4, D-G) . We postulate that the acrosomalnuclear deformity in offspring spermatids is transient and probably repaired, because the club-shape deformity was not prevalent in the sperm head compared to the azh/azh mutant [16] (Table 4) . Epididymal sperm collected from three different offspring mice showed tail abnormalities with striking differences in the relative frequency and pattern compared with the azh/azh mutant. Table 4 provides a summary of the relevant structural abnormalities recorded in offspring spermatids and epididymal sperm as compared to the azh/azh mutant [16] . The four characteristic abnormalities observed in spermatids (club-shaped heads, looping of the principal piece of the tail, repeated folding of the mid and principal piece of the tail, and ''lasso-like'' configuration of the tail) were also seen in epididymal sperm (Fig. 5, A-C) . We previously provided evidence that sperm tail folding in the azh/azh mutant leads to the fusion of apposite plasma membranes and consequent entrapment of tail segments within a conjoint cytoplasm [16] . A similar conclusion was attained with the offspring (Fig. 5, D-F) . This interpretation was confirmed by the occasional finding of double-tailed sperm with a folded midpiece in correlation with the observation of pairs of cross-sectioned midpieces within the same cytoplasmic area (Fig. 5, E and F) . Staining with anti-␤-tubulin and anti-Sak57 antibodies determined that the distribution of these two proteins was not significantly disturbed by the tail abnormalities (data not shown). A videomicroscopic analysis of sperm motility indicated that only sperm with normally shaped heads were motile; sperm with bent or looped heads showed vibratory, but not forward, motility (data not shown).
DISCUSSION
In this paper, we report changes in mouse sperm morphology resulting from the use of ICSI technology to generate offspring using epididymal sperm heads obtained from the azh/azh mutant. The ICSI procedure has been used largely to achieve high fertilization and pregnancy rates, regardless of semen characteristics, using sperm retrieved by microsurgical epididymal aspiration or from testicular biopsies [2] . A latent concern about ICSI relates to the arbitrary sperm selection and the significant frequency of Y chromosome microdeletions and karyotypic abnormalities in men with nonobstructive azoospermia and oligospermia [25] . Based on these reports, we wished to determine the impact of ICSI on spermiogenesis using two morphological types of sperm obtained from azh/azh mutant mice. Our goal was to determine whether the intracytoplasmic injection of abnormally shaped or positioned sperm heads into eggs from normal mice resulted in spermiogenic phenotypic changes of the same magnitude in the offspring compared to the azh/azh donor. A general conclusion is that the club-shape morphology of the azh/azh sperm head is attenuated in the offspring, but that a statistically significant enhancement occurs in offspring tail abnormalities compared to the azh/azh donor.
We chose the azh/azh mouse mutant model to study the role of the manchette and outer dense fibers during the development and function of the male gamete. The azh/azh model is of interest for determining the role of the manchette in the mechanism of spermatid nuclear shaping. An unexpected observation in the azh/azh mutant was the finding of several tail abnormalities in addition to the reported club shape of the sperm head [16] . We have postulated [26] that the manchette has a dual role: it exerts a ''clutching effect'' during nuclear elongation, and it serves as transient storage for proteins and proteases (26S proteasome), some of which are targeted to the developing tail (i.e., ''sorting effect'' [26, 27] ). We previously determined that the cytokeratin Sak57 associates first with the manchette before becoming a component of the outer dense fibers and fibrous sheath of the developing sperm tail [23] . Based on this observation, we used anti-␤-tubulin and anti-Sak57 antibodies to monitor the manchette and axoneme and the temporal sorting of the Sak57 keratin during tail development. Our immunocytochemical findings showed ␤-tubulin immunoreactivity in the manchette and axoneme and Sak57 immunostaining of the manchette and sperm tail. However, we cannot disregard the possibility that yet-undetected alterations in tubulin isotypes, microtubule-associated proteins, and other keratin components of the outer dense fibers and fibrous sheath may account for the observed tail abnormalities. It has been largely assumed that the outer dense fibers and the fibrous sheath provide a rigid scaffold for the microtubule dynamics of the axoneme, but it is possible that cytokeratin mutations in the offspring could weaken the scaffolding structure and lead to the bending, folding, and looping of the sperm tail. This possibility is under investigation in our laboratory.
Our transmission electron microscopic studies indicate that the asymmetry of the perinuclear ring of the manchette is a common abnormality (25%). This abnormality does not seem to affect the morphology of the sperm head, however, because the incidence of club-shaped heads in the offspring is less frequent than in the azh/azh mutant [16] (Table 4) . In contrast, a statistically significant difference exists in the frequency and pattern of tail abnormalities in the offspring. Furthermore, tail abnormalities are more frequently observed in epididymal sperm than in testicular spermatids. For example, offspring mouse 3 displayed a high percentage of sperm tail abnormalities with respect to spermatids, with lasso-like sperm tails being the predominant alteration. The relevant question is which mechanism is responsible for an increase in tail defects in the offspring after ICSI. A tentative interpretation is that sperm maturation during epididymal transit involves further structural stabilization of the assembled tail components, which is presumably disrupted in both the azh/azh mutant and the offspring generated by ICSI.
It interesting to note that only 4 of 92 eggs were penetrated by sperm (azh/azh males mated with superovulated females) after natural mating, which is an indication that the fertility is low. This observation suggests that a natural selection mechanism could maintain the usual frequency of tail abnormalities in the azh/azh mutant. Because variability exists in the occurrence of sperm tail abnormalities among the members of the offspring (Table 4) , it is possible that ICSI, through bypassing the biological mechanisms of sperm selection during the evolution of the reproductive process, has the potential of affecting the genetic composition of the offspring by either enhancing or introducing genetic mutations.
